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We investigate pairing symmetry and transition temperature in the trellis-lattice Hubbard
model. We solve the E´liashberg equation using the third-order perturbation theory with respect
to the on-site repulsion U . We find that a spin-singlet state is very stable in a wide range of
parameters. On the other hand, when the electron number density is shifted from the half-filled
state and the band gap between two bands is small, a spin-triplet superconductivity is expected.
Finally, we discuss a possibility of unconventional superconductivity and pairing symmetry in
Sr14−xCaxCu24O41.
KEYWORDS: trellis lattice, quasi-one-dimensional superconductors, pairing symmetry, transition temper-
ature, third-order perturbation theory
1. Introduction
Quasi-one-dimensional superconductors have been
studied and attracted our attention. Today, some
quasi-one-dimensional superconductors, such as
(TMTSF)2X
1, 2 and β-Na0.33V2O5,
3 were discov-
ered, and their superconductivity has been inves-
tigated. In 1996, a superconducting transition in
Sr14−xCaxCu24O41 was discovered at the transition
temperature Tc ≃ 12K under high pressure of approx-
imately 3GPa for x = 13.6.4 This material possesses
a quasi-one-dimensional lattice structure called trellis
lattice, which is Cu network connected by O orbitals sim-
ilar to high-Tc superconductors as shown in Fig. 1(a).
Actually, this material shows quasi-one-dimensional
metallic behavior in an electric resistivity experiment.5
The ratio of the resistivities ρa/ρc is approximately 80
at ambient pressure, and is reduced approximately 30
under 3.5 GPa at T ≃ 50K for x = 11.5. Here, the
Cu valence in this ladder can be changed from +2.07
(x = 0) to +2.24 (x = 14) by substituting Ca for Sr.6
Recently, an NMR experiment has been performed in
this material for x = 12 by Fujiwara et al. 7 From this
experiment, an activated T dependence of 1/T1 is ob-
served at temperatures higher than 30K, and it suggests
that the spin gap is conformed. Below 30K, 1/T1T keeps
constant and shows the Fermi liquid behavior. Moreover,
1/T1 has a small peak just below Tc. It indicates that the
superconducting gap structure is a fully gapped state in
this material. On the other hand, the Knight shift does
not change above and below Tc. It suggests that a spin-
triplet state is realized. But, since the paramagnetic con-
tribution of Knight shift should be small owing to the ef-
fect of spin gap conformed at rather high temperatures,
it might be difficult to detect the shift at Tc within the
experimental accuracy.
The theoretical investigations for the possibility of
unconventional superconductivity have been reported
in the quasi-one-dimensional superconductors, such as
(TMTSF)2X, β-Na0.33V2O5 and Sr14−xCaxCu24O41.
The superconductivity in (TMTSF)2X has been in-
∗E-mail address: sotaro@scphys.kyoto-u.ac.jp
Fig. 1. (a) Schematic figure of the lattice used in this calcula-
tion. ti(1 ≤ i ≤ 3) is the hopping integral. The region enclosed
by a rectangle is a primitive cell. The primitive cell topology-
cally composes a triangular lattice. (b) The Fermi surfaces for
electron number density per ladder site n = 0.80 and the hop-
ping integrals t2 = 1.0, t3 = 0.15 are shown by the solid lines for
ε(k)+V (k) and by the dashed line for ε(k)−V (k), respectively.
Since the lattice is topologycally triangular lattice, the Brillouin
zone is hexagonal. (c) The Fermi surface for n = 0.80, t1 = 1.0,
t2 = 0.40, t3 = 0.10. In this case, the band gap is small.
vestigated within the fluctuation-exchange approxima-
tion (FLEX)8 and the third-order perturbation the-
ory (TOPT).9 The superconductivity in β-Na0.33V2O5
has been investigated within TOPT.10 Also, on the
basis of the calculation within FLEX for the trellis-
lattice Hubbard model, Kontani and Ueda indicated
that a spin-singlet and fully gapped state is stable in
Sr14−xCaxCu24O41.11 In this paper, by using the third-
order perturbation theory,12 we investigate in detail un-
conventional superconductivity in the trellis-lattice Hub-
bard model, keeping Sr14−xCaxCu24O41 in mind. In par-
ticular, we point out that the fully gapped state can be
realized for unconventional superconductivity, and the
spin-triplet state can be realized in a range of parame-
ters.
2. Model
Now, let us consider the lattice structure and the band
structure in Sr14−xCaxCu24O41. We can consider the lat-
tice structure with the Cu network called trellis lattice
shown in Fig. 1(a). The unit cell is a thick-line rectangle,
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and contains two sites A and B. We use a simple tight-
binding model. In this case, we consider three types of
hopping integrals displayed in Fig. 1(a).
Here, we investigate in detail the nature of supercon-
ductivity in such a situation. We consider the quasi-one-
dimensional two band repulsive Hubbard model.
H = H0 +Hint, (1)
where
H0 =
∑
k,σ
ε(k)A†kσAkσ +
∑
k,σ
ε(k)B†kσBkσ
+
∑
k,σ
V (k)A†kσBkσ +
∑
k,σ
V (k)B†kσAkσ ,
(2)
14 and
Hint =
U
2N
∑
ki
∑
σ 6=σ′
A†k1σA
†
k2σ′
Ak3σ′Ak4σδk1+k2,k3+k4
+
U
2N
∑
ki
∑
σ 6=σ′
B†k1σB
†
k2σ′
Bk3σ′Bk4σδk1+k2,k3+k4 .
(3)
From the tight binding approximation,
ε(k) = −2t1 cos(kc),
V (k) = | − t2 − 2t3 cos(kc/2)ei
√
3ka/2|.
(4)
Here, Ak,σ and Bk,σ(A
†
k,σ and B
†
k,σ) are the annihilation
(creation) operator for the electron at A and B site, re-
spectively. To obtain two bands, we transform A
(†)
k,σ, B
(†)
k,σ
into a
(†)
k , b
(†)
k as
a
(†)
k =
1√
2
A
(†)
k +
1√
2
B
(†)
k ,
b
(†)
k = −
1√
2
A
(†)
k +
1√
2
B
(†)
k .
(5)
With this transformation, H0 is transformed into
H0 =
∑
k,σ
(ε(k) + V (k))a†kσakσ +
∑
k,σ
(ε(k)− V (k))b†kσbkσ.
(6)
Thus, we obtain two bands, ε(k)+V (k) and ε(k)−V (k).
We use t1 = 1.0 as an energy unit. In the previous calcu-
lation within FLEX,11 t2 = 1.0 and t3 = 0.15 are used to
fit the band structure calculated within the local-density
approximation.13 In the calculation, the electron number
density per ladder site n = 1.0 is assumed. It means that
the valence of Cu is +2.0. On the other hand, we use
the hopping integrals t2, t3 and electron number density
per ladder site n as a parameter in this calculation. t2
is a measure of the band gap between two bands, and t3
is related to one-dimensionality. We show typical quasi-
one-dimensional Fermi surfaces in Fig. 1(b) and (c). We
show the Fermi surface for t2 = 1.0, t3 = 0.15, n = 0.80
in Fig. 1(b), and for t2 = 0.40, t3 = 0.10, n = 0.80 in
Fig. 1(c), respectively. Actually, the band gap is small in
Fig. 1(c).
Fig. 2. The diagrams in the normal self-energy. The solid and the
broken lines represent G
(0)
αβ
(k) and U , respectively.
3. Formulation
We apply the third-order perturbation theory with re-
spect to U to our model. The diagrams in the normal
self-energy are shown in Fig. 2. The normal self-energy
is given by
ΣNαβ(k) =
T
N
∑
k′,γ
[χ
(0)
αβ(k − k′)G(0)αβ(k′)U2+
(χ(0)αγ (k − k′)χ(0)γβ (k − k′) + φ(0)αγ (k + k′)φ(0)γβ (k + k′))
×G(0)αβ(k′)U3],
(7)
where
G
(0)
αβ(k) =
1
2
(G
(0)
+ (k) +G
(0)
− (k)) (α = β),
G
(0)
αβ(k) =
1
2
(G
(0)
+ (k)−G(0)− (k)) (α 6= β),
G
(0)
± (k) =
1
iωn − (ε(k)± V (k)) + µ,
χ
(0)
αβ(q) = −
T
N
∑
k
G
(0)
αβ(k)G
(0)
βα(q + k),
φ
(0)
αβ(q) = −
T
N
∑
k
G
(0)
αβ(k)G
(0)
αβ(q − k).
(8)
G
(0)
αβ(k) with the short notation k = (k, ωn) represents
the bare Green’s function. α and β represent A or B.
Here,
ΣNAA(k) = Σ
N
BB(k),
ΣNAB(k) = Σ
N
BA(k).
(9)
Since the first-order normal self-energy is constant, it can
be included by the chemical potential µ. The dressed
Green’s function Gαβ(k) is given by
Gαβ(k) =
1
2
(G+(k) +G−(k)) (α = β),
Gαβ(k) =
1
2
(G+(k)−G−(k)) (α 6= β),
G±(k) =
1
(iωn − (ε(k)± V (k))− ΣN±(k) + µ+ δµ)
,
ΣN±(k) = Σ
N
AA(k)± ΣNAB(k).
(10)
Here, the chemical potential µ and the chemical potential
shift δµ are determined so as to fix the electron number
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Fig. 3. The diagrams of pairing interaction part. The diagrams
enclosed by the dashed line are called the RPA-like terms. The
other diagrams are the vertex corrections.
density per ladder site n,
n =
T
N
∑
k,γ
G(0)γγ (k) =
T
N
∑
k,γ
Gγγ(k). (11)
We also expand the effective pairing interaction up to
the third order with respect to U . The diagrams of effec-
tive pairing interaction are shown in Fig. 3. For the spin-
singlet state, the effective pairing interaction is given by
V Singletαβ,α′β′(k; k
′)
= V RPASingletαβ,αβ (k; k
′) + V VertexSingletαβ,αγ (k; k
′),
(12)
where
V RPASingletαβ,αβ (k; k
′) = Uδαβ + U2χ
(0)
αβ(k − k′)
+ 2U3χ(0)αγ (k − k′)χ(0)γβ (k − k′),
(13)
and
V VertexSingletαβ,αγ (k; k
′) = 2(T/N)Re
[∑
k1
G
(0)
βα(k1)
× (χ(0)βγ (k + k1)− φ(0)βγ (k + k1))G(0)αγ (k + k1 − k′)U3
]
.
(14)
For the spin-triplet state,
V Tripletαβ,α′β′(k; k
′)
= V RPATripletαβ,αβ (k; k
′) + V VertexTripletαβ,αγ (k; k
′),
(15)
where
V RPATripletαβ,αβ (k; k
′) = −U2χ(0)αβ(k − k′), (16)
Fig. 4. A contour plot of λmax as a function of t2 and t3 in the
case of T = 0.01, n = 0.80 and U = 4.0. In the right hand
side region of the thick line, a spin-singlet state is stable, and in
the left hand side region of the thick line, a spin-triplet state is
stable.
and
V VertexTripletαβ,αγ (k; k
′) = 2(T/N)Re
[∑
k1
G
(0)
βα(k1)
× (χ(0)βγ (k + k1) + φ(0)βγ (k + k1))G(0)αγ (k + k1 − k′)U3
]
.
(17)
Here, V
RPASinglet (Triplet)
αβ,αβ (k, k
′) is called the RPA-like
terms and V
VertexSinglet (Triplet)
αβ,αγ (k, k
′) is called the ver-
tex corrections. Near the transition point, the anoma-
lous self-energy ∆αβ(k) satisfies the linearized E´liashberg
equation,
λmax∆αβ(k)
= − T
N
∑
k′,γ
Vαβ,α′β′(k; k
′)Fα′β′(k′),
= − T
N
∑
k′,γ,α′′,β′′
Vαβ,α′β′(k; k
′)Gα′α′′(k′)Gβ′β′′(−k′)∆α′′β′′(k′)
(18)
15 where, Vαβ,α′β′(k; k
′) is V Singletαβ,α′β′(k; k
′) or
V Tripletαβ,α′β′(k; k
′). Here, Fα′β′(k′) is anomalous Green’s
function, and λmax is the largest positive eigenvalue.
Then, the temperature at λmax = 1 corresponds to Tc.
By estimating λmax, we can determine which type of
pairing symmetry is stable. For numerical calculations,
we take 128 × 128 k-meshes for twice space of the first
Brillouin zone and 2048 Matsubara frequencies.
4. Numerical results
4.1 Dependence of λmax on the parameters t2 and t3
Fig. 4 is a contour plot of λmax as a function of t2
and t3 in the case of T = 0.01, n = 0.80 and U = 4.0.
In the dark region, the state is stable. In the right hand
side region of the thick line, a spin-singlet state is sta-
ble, and in the left hand side region of the thick line,
a spin-triplet state is stable. When t2 is large, a spin-
singlet state is very stable. On the other hand, when
4 J. Phys. Soc. Jpn. Full Paper Author Name
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Fig. 5. Temperature dependence of λmax for a spin-singlet (or
spin-triplet) state in the case of t2 = 1.0, t3 = 0.15, n = 0.80
and U = 3.2. The line with black circles (squares) is the tempera-
ture dependence for the spin-singlet (spin-triplet) state obtained
using the third-order perturbation theory. The spin-singlet state
is more stable than the spin-triplet state in this case.
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Fig. 6. Temperature dependence of λmax for spin-singlet (or spin-
triplet) state in the case of t2 = 0.40, t3 = 0.10, n = 0.80 and
U = 4.1. The line with black circles (square) is the result for the
spin-singlet (spin-triplet) state obtained using the third-order
perturbation theory. The spin-triplet state is more stable than
the spin-singlet state in this case. The line with the white circles
(square) is the result for spin-singlet (spin-triplet) state without
the third-order terms of the pairing interaction.
t2 is small, a spin-triplet state is stable. Therefore, a
spin-triplet state is stable when the band gap between
two band is small. We discuss this result later in Sec.
5. For t3 < 0.1, the mass enhancement factor is much
smaller than unity. Therefore, reliable numerical calcula-
tions in this framework can not be obtained in the range
of t3 < 0.1.
4.2 Temperature dependence
In Fig. 5, we show temperature dependences of λmax in
the case with t2 = 1.0, t3 = 0.15 n = 0.80 and U = 3.2.
Also, in Fig. 6, we show temperature dependences for
λmax in the case with t2 = 0.40, t3 = 0.10, n = 0.80 and
U = 4.1. With decreasing temperature, λmax increases.
In Fig. 5, the spin-singlet state is stable. On the other
hand, in Fig. 6, the spin-triplet state is stable. These
Fig. 7. A contour plot of λmax as a function of t2 and n in the
case of t3 = 0.15, T = 0.01 and U = 4.0. In the right hand
side region of the thick line, a spin-singlet state is stable, and in
the left hand side region of the thick line, a spin-triplet state is
stable.
states possess almost the same transition temperature,
Tc ≃ 0.003, respectively. If we assume that the band-
width W ∼ 6 corresponds to 2 eV, then Tc ∼ 10K is ob-
tained in almost accordance with the experimental value
for Sr14−xCaxCu24O41. In Fig. 6, we also show the re-
sults for λmax obtained without the pairing interaction
due to the third-order terms. We can see that the vertex
corrections are important for stabilizing the spin-triplet
state from the comparison.
4.3 Dependence of λmax on the parameters t2 and n
Fig. 7 is a contour plot of λmax as a function of t2
and n in the case of t3 = 0.15, T = 0.01 and U = 4.0.
When t2 is large, a spin-singlet state is very stable like
the above case in Sec. 4.1. On the other hand, if t2 is
small and n is shifted from the half-filled state, a spin-
triplet state is stable. Thus, the spin-triplet state is sup-
pressed in the vicinity of the half-filled state, and it is
stable rather far from the half-filled state. This tendency
is a general property. The pairing interaction important
for the spin-triplet state originates from the third-order
terms which vanishes in the case with the particle-hole
symmetry. Therefore, λmax is reduced due to approxi-
mate particle-hole symmetry near the half-filled state.
4.4 Dependence of λmax on the parameters t2 and U
Fig. 8, is a contour plot of λmax as a function of t2
and U in the case of t3 = 0.15, T = 0.01 and n = 0.80.
When t2 is large, a spin-singlet state is very stable like
the above case in Sec. 4.1. On the other hand, when U
becomes large, λmax becomes large. But the stable sym-
metry does not depend on the magnitude of U so much
in this strongly correlated region. On the other hand,
from the result of renormalization group approach16 for
t3 = 0 and U → 0+, the spin-singlet state is stable for
any values of t2 and n. It does not contradict this result
within the perturbation theory. When U is very small,
the vertex corrections are negligible which is important
for the stabilization of the spin-triplet state. Therefore,
when U is very small, the spin-singlet state seems to be
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Fig. 8. A contour plot of λmax as a function of t2 and n in the
case of t3 = 0.15, T = 0.01, and U = 4.0. In the right hand
side region of the thick line, a spin-singlet state is stable, and in
the left hand side region of the thick line, a spin-triplet state is
stable.
dominant from the results without the third-order terms
of the pairing interaction. However, numerical calcula-
tion is difficult since the eigenvalue is very small in this
case.
4.5 Momentum dependence of the anomalous self-
energy
From eq. (5), anomalous Green’s functions on the two
bands are given by
F+(k) = |G+(k)|2∆+(k) = FAA(k) + FAB(k),
F−(k) = |G−(k)|2∆−(k) = FAA(k)− FAB(k).
(19)
Therefore, anomalous self-energies on the two bands are
given by
∆+(k) = ∆AA(k) + ∆AB(k),
∆−(k) = ∆AA(k)−∆AB(k).
(20)
In Fig. 9, we show contour plots of the anomalous self-
energy in the case of T = 0.01, n = 0.80 and U = 4.0.
In Fig. 9 (a) and (b), a spin-singlet case for t2 = 1.0,
t3 = 0.15, and in Fig. 9 (c) and (d), a spin-triplet case
for t2 = 0.40, t3 = 0.10 are shown. The thick lines rep-
resent the Fermi surfaces. For the spin-singlet state, the
momentum dependence of the anomalous self-energy on
the Fermi surface is a fully gapped state, and the signs
of the anomalous self-energy on the Fermi surface for the
two band are different. We discuss this result later in Sec.
5. For the spin-triplet state, the momentum dependence
of the anomalous self-energy is also a fully gapped state.
5. Discussions
In this section we consider the physical origin of the
results in Sec. 4. Hereafter, we only consider the RPA-
like terms to understand the mechanism of stabilization
for the spin-singlet state. E´liashberg equation is written
Fig. 9. (a),(b) Contour plots of the anomalous self-energy ∆(k) =
0 for the spin-singlet state in the case of t2 = 1.0, t3 = 0.15,
T = 0.01, n = 0.80 and U = 4.0. The thick lines represent the
Fermi surfaces. The spin-singlet state is a fully gapped state.
(c),(d) Contour plots of the anomalous self-energy ∆(k) = 0
for the spin-triplet state in the case of t2 = 0.4, t3 = 0.10,
T = 0.01, n = 0.80 and U = 4.0. The thick lines represent the
Fermi surfaces. The spin-triplet state is a fully gapped state.
by
∆AA(k) = − T
N
∑
k′
VAA(k, k
′)FAA(k′),
∆AB(k) = − T
N
∑
k′
VAB(k, k
′)FAB(k′).
(21)
Here, we write V RPASingletAA,AA (k, k
′) and V RPASingletAB,AB as
VAA(k, k
′) and VAB(k, k′), respectively. The E´liashberg
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equation for ∆+(k) and ∆−(k) are given by
∆+(k) = ∆AA(k) + ∆AB(k)
= − T
N
∑
k′
1
2
(VAA(k, k
′) + VAB(k, k′))F+(k′)
− T
N
∑
k′
1
2
(VAA(k, k
′)− VAB(k, k′))F−(k′)
= − T
N
∑
k′
1
2
(VAA(k, k
′) + VAB(k, k′))|G+(k′)|2∆+(k′)
− T
N
∑
k′
1
2
(VAA(k, k
′)− VAB(k, k′))|G−(k′)|2∆−(k′)
= − T
N
∑
k′
1
2
Vintra(k, k
′)|G+(k′)|2∆+(k′)
− T
N
∑
k′
1
2
Vinter(k, k
′)|G−(k′)|2∆−(k′),
(22)
∆−(k) = ∆AA(k)−∆AB(k)
= − T
N
∑
k′
1
2
(VAA(k, k
′)− VAB(k, k′))F+(k′)
− T
N
∑
k′
1
2
(VAA(k, k
′) + VAB(k, k′))F−(k′)
= − T
N
∑
k′
1
2
(VAA(k, k
′)− VAB(k, k′))|G+(k′)|2∆+(k′)
− T
N
∑
k′
1
2
(VAA(k, k
′) + VAB(k, k′))|G−(k′)|2∆−(k′)
= − T
N
∑
k′
1
2
Vinter(k, k
′)|G+(k′)|2∆+(k′)
− T
N
∑
k′
1
2
Vintra(k, k
′)|G−(k′)|2∆−(k′),
(23)
where,
Vintra(k, k
′) ≡ VAA(k, k′) + VAB(k, k′)
Vinter(k, k
′) ≡ VAA(k, k′)− VAB(k, k′).
(24)
The pairing interaction which connects the anoma-
lous self-energies on the intra band is Vintra(k, k
′) ≡
VAA(k, k
′) + VAB(k, k′) and that on the inter band is
Vinter(k, k
′) ≡ VAA(k, k′)− VAB(k, k′). Here,
Vintra(k, k
′) = VAA(k; k′) + VAB(k; k′)
= U + U2(χ
(0)
AA(k − k′) + χ(0)AB(k − k′))
+ 2U3(χ
(0)
AA(k − k′) + χ(0)AB(k − k′))2
= U + U2χ
(0)
intra(k − k′) + 2U3χ(0)intra(k − k′)2,
Vinter(k, k
′) = VAA(k, k′)− VAB(k; k′)
= U + U2(χ
(0)
AA(k − k′)− χ(0)AB(k − k′))
+ 2U3(χ
(0)
AA(k − k′)− χ(0)AB(k − k′))2
= U + U2χ
(0)
inter(k − k′) + 2U3χ(0)inter(k − k′)2,
(25)
where,
χ
(0)
intra(q) ≡ χ(0)AA(q) + χ(0)AB(q),
χ
(0)
inter(q) ≡ χ(0)AA(q)− χ(0)AB(q).
(26)
Therefore, Vintra(k, k
′) and Vinter(k, k′) are composed of
χ
(0)
intra(k−k′) ≡ χ(0)AA(k−k′)+χ(0)AB(k−k′) and χ(0)inter(k−
k′) ≡ χ(0)AA(k − k′)− χ(0)AB(k − k′), respectively. Here,
χ
(0)
intra(q) = χ
(0)
AA(q) + χ
(0)
AB(q)
= − T
N
∑
k′
1
2
(G
(0)
+ (k
′)G(0)+ (q + k
′) +G(0)− (k
′)G(0)− (q + k
′)),
χ
(0)
inter(q) = χ
(0)
AA(q)− χ(0)AB(q)
= − T
N
∑
k′
(G
(0)
+ (k
′)G(0)− (q + k
′)).
(27)
Therefore, χ
(0)
intra(q) is the average of the bare suscepti-
bility of the intra bands and χ
(0)
inter(q) is the bare suscep-
tibility of the inter bands.
Fig. 10 is contour plots of χ
(0)
intra(q, 0) and χ
(0)
inter(q, 0)
in the cases of t2 = 1.0, t3 = 0.15, n = 0.80, T = 0.01
and for t2 = 0.40, t3 = 0.10, n = 0.80, T = 0.01, respec-
tively. Since the Fermi surfaces have nesting property,
they have quasi-one dimensional peaks. Since χ
(0)
intra(q, 0)
is the average of the bare susceptibility of the intra bands,
it is usually smaller than χ
(0)
inter(q, 0). But when the band
gap between two bands is small, two nesting vectors of
intra band become almost same. Therefore, χ
(0)
intra(q, 0)
with small band gap is large compared with the case
where the band gap between two bands is large. Actu-
ally, in Fig 10, when the band gap between two bands
is large, χ
(0)
intra(q, 0) is small like the case (a). On the
other hand, when the band gap between two bands is
small, χ
(0)
intra(q, 0) is large like the case (c). By using the
results in Fig. 10, we can understand the superconduct-
ing gap structure in Fig. 9 (a),(b) and the suppression
of λmax in the case where the band gap between two
bands is small, as we explain in the following. From the
structure in the E´liashberg equation, when χ
(0)
intra(q, 0) is
much smaller than χ
(0)
inter(q, 0), in order to obtain a pos-
itive value of λmax, it is favorable that signs of ∆(k) on
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Fig. 10. (a) A contour plot of χ
(0)
intra(q, 0) ≡ χ
(0)
AA(q, 0)+χ
(0)
AB(q, 0)
in the case of t2 = 1.0, t3 = 0.15, n = 0.80 and T = 0.01.
(b) A contour plot of χ
(0)
inter(q, 0) ≡ χ
(0)
AA(q, 0) − χ
(0)
AB(q, 0) in
the case of t2 = 1.0, t3 = 0.15, n = 0.80 and T = 0.01. (c)
A contour plot of χ
(0)
intra(q, 0) ≡ χ
(0)
AA(q, 0) + χ
(0)
AB(q, 0) in the
case of t2 = 0.40, t3 = 0.10, n = 0.80 and T = 0.01. (d) A
contour plot of χ
(0)
inter(q, 0) ≡ χ
(0)
AA(q, 0) − χ
(0)
AB(q, 0) in the case
of t2 = 0.40, t3 = 0.10, n = 0.80 and T = 0.01. When the band
gap between two band is large, χ
(0)
intra(q, 0) is small like the case
(a). On the other hand, when the band gap between two band is
small, χ
(0)
intra(q, 0) is large like the case (c). The spin-singlet state
is stable in the case (a), and the spin-singlet state is unstable in
the case (c).
one band are different from its sign on another band.
The structure of ∆(k) in Fig. 9 (a),(b) just becomes so.
But, when the band gap between two bands is small, two
nesting vectors of intra bands are almost same. There-
fore, χ
(0)
intra(q, 0) becomes large and the spin-singlet state
is suppressed by the conflict of the peaks of χ
(0)
intra(q, 0)
and χ
(0)
inter(q, 0). Actually, in Fig. 10, when the band gap
between two bands is large, χ
(0)
intra(q, 0) is small and the
spin-singlet state is very stable like the case (a). On the
other hand, when the band gap between two bands is
small, χ
(0)
intra(q, 0) is large and the spin-singlet state is
unstable like the case (c).
Finally, we discuss the pairing symmetry in
Sr14−xCaxCu24O41. From this calculation, we can
see that the spin-singlet and fully gapped state is very
stable and is consistent with the calculation within
FLEX.11 On the other hand, when the electron number
density is shifted from the half-filled state and the band
gap between two bands is small, the spin-triplet and
fully gapped state is stable. We cannot unfortunately
determine the electronic structure under the pressure
at present. In both cases, the fully gapped state is not
contradict to the experiment of 1/T1. On the other hand,
the Knight shift does not change above and below Tc. It
suggests that a spin-triplet state is realized. But, since
the paramagnetic contribution of Knight shift should
be small owing to the effect of spin gap conformed
at rather high temperatures, it might be difficult to
detect the shift at Tc within the experimental accuracy.
Here, we discuss the ratio of hopping integrals. The
ratio t1/t2 may be considered to be unity from almost
equivalent spacings of the leg and the rung in this
ladder. Experimentally, however, the ratio of the spin
exchange coupling constant Jleg/Jrung is about twice
for related compounds.17, 18 Here, Jleg and Jrung are
related to t1 and t2, respectively. Moreover, the pressure
might change the ratio t1/t2. Therefore, we can expect
a flexible value for the ratio t1/t2.
6. Conclusion
In conclusion, we have investigated the pairing sym-
metry and the transition temperature on the basis of
the trellis-lattice Hubbard model. We have solved the
E´liashberg equation using the third-order perturbation
theory with respect to the on-site repulsion U . We
find that the spin-singlet state is strongly stable in a
wide range of parameters. On the other hand, when
the electron number density is shifted from the half-
filled state and the band gap between two bands is
small, the spin-triplet state is expected. Thus, we sug-
gest the possibility of unconventional superconductivity
in Sr14−xCaxCu24O41.
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